Ten accretion-powered millisecond pulsars are now known. We show that many properties of their X-ray oscillations can be understood if the X-ray emitting regions of most are near their spin axes but wander. This is to be expected if their magnetic poles are close to their spin axes, so that accreting gas is channeled there. As the accretion rate and structure of the inner disk vary, gas will be channeled to different locations on the stellar surface, causing the X-ray emitting regions to move with respect to the magnetic field. This model can explain the small amplitudes and nearly sinusoidal waveforms of most of these pulsars and the large, rapid phase variations of several. It may also explain why accretion-powered millisecond pulsars are difficult to detect, why all found so far are transients, and why the oscillations of a few are intermittent. The model can be tested by comparing with observations the correlated waveform changes that it predicts, including changes with accretion rate.
INTRODUCTION
Periodic millisecond X-ray oscillations have been detected with high confidence in 22 accreting neutron stars in LMXBs using the Rossi X-ray Timing Explorer (see . Seven of these stars are persistent accretion-powered millisecond pulsars (APMSPs), three are intermittent APMSPs, and 16 are nuclear-powered millisecond pulsars (NPMSPs), which produce oscillations during thermonuclear X-ray bursts. Two of the persistent APMSPs and two of the intermittent APMSPs are also NPMSPs.
The X-ray oscillations of the APMSPs share several noteworthy properties. Most have low (typically ∼ 5%) fractional rms amplitudes (see Galloway 2008) and nearly sinusoidal waveforms (see Wijnands 2006) . Large, rapid phase shifts have been seen in the oscillations of several, including SAX J1808.4−3658 Hartman et al. 2008) and XTE J1807−294 (Markwardt 2004) . The wild swings in the apparent spin frequency of XTE J1807−294 (Markwardt 2004) have both signs at the same accretion rate and magnitudes more than a factor of ten larger than expected for the largest accretion torques and smallest inertial moments thought possible (see Ghosh & Lamb 1979b; Lattimer & Prakash 2001) .
Intermittent accretion-powered oscillations have been detected from three weak-field accreting neutron stars (HETE J1900.1−2455: Galloway et al. 2007; SAX J1748.9−2021 : Gavriil et al. 2007 ; Aql X-1: Casella et al. 2008) . The waveforms of the X-ray burst oscillations of several APMSPs are very similar to those of their accretion-powered oscillations (see, e.g., neutron stars in low-mass binary systems, including eight NPMSPs with kilohertz QPO frequency separations that appear to be related to their spin frequencies and are therefore thought to have dynamically important magnetic fields .
Here we investigate further our suggestion (Lamb et al. 2006 (Lamb et al. , 2008 ) that many of the properties of APMSP oscillations can be explained if the primary X-ray emitting regions of most are close to their spin axes but wander somewhat. The basic reason for this is that a circular spot centered on the spin axis produces no modulation. Consequently, a spot a small distance from the spin axis produces weak modulation with a nearly sinusoidal waveform, a tendency that is usually increased by the gravitational light deflection. For a spot close to the spin axis, a slight movement in latitude changes the modulation amplitude substantially, while a small movement in longitude shifts the phase of the oscillation by a large amount. As a possible explanation for highly sinusoidal X-ray burst oscillations, Muno et al. (2002) considered a single spot near the spin axis as well as a uniformly bright hemisphere and antipodal spots near the spin equator, but did not consider APMSPs or other implications of emission from near the spin axis.
In §2 we briefly summarize our model, computational methods, and results, and show how the model can explain the main properties of APMSPs. These include the small oscillation amplitudes and nearly sinusoidal waveforms of most, the large, rapid phase variations of several, why accretion-powered millisecond pulsars are difficult to detect, and why the oscillations of a few are intermittent. In §3 we discuss mechanisms that could cause the magnetic poles of most APMSPs to be close to their spin axes, how such mechanisms may explain why all APMSPs found so far are transients, and the consistency of the model with the observed properties of rotation-powered millisecond pulsars. Emitting regions.-The positions, sizes, and shapes of the emitting regions on the stellar surface are determined not only by the geometry and strength of the star's magnetic field but also by where accreting plasma enters the magnetosphere and the resulting plasma flow pattern (see, e.g., Basko & Sunyaev 1976; Ghosh & Lamb 1979a; Miller 1996; Romanova et al. 2003 Romanova et al. , 2004 . The positions of emitting regions are therefore expected to change irregularly, and possibly rapidly, as the accretion flow from the inner disk to the stellar surface changes. As discussed in §1, modest changes in the positions of emitting regions can explain the changes in the oscillation waveform observed in many APMSPs and the large pulse-frequency fluctuations seen in several, if the regions are close to the spin axis.
Our detailed exploration of different specific brightness distributions, beaming patterns, masses, compactnesses, and spin rates will be reported elsewhere. We find that in most cases the resulting waveform can be approximated by the waveform produced by a circular, uniformly emitting spot located at the centroid of the emitting region. The main reason for this is that an observer sees half the surface at a time (or more, when gravitational light deflection is included), which diminishes the effects of the detailed shape of the emitting region. We therefore consider here one or two circular, uniformly emitting spots. Unless stated otherwise, all the results are for the representative case of a 1.4 M star with a radius of 5GM/c 2 (10.5 km for a 1.4 M star) spinning at 400 Hz as seen at infinity, one spot or two antipodal spots with angular radii of 25
• , and isotropic emission. We will discuss how the results change for other possibilities.
Computation and representation of waveforms.-For the results presented here, we assumed that radiation from the stellar surface reaches the observer without interacting with any intervening matter and calculated the X-ray waveform W (t) that would be seen by a distant observer using the Schwarzschild plus Doppler (S+D) approximation introduced by . The S+D approximation treats exactly the special relativistic doppler effects (such as aberration and energy shifts) associated with the rotational motion of the stellar surface, but treats the star as spherical and uses the Schwarzschild spacetime to compute the general relativistic redshift, trace the propagation of light from the stellar surface to the observer, and calculate light traveltime effects. For all our representative cases, and indeed for stars that do not both rotate rapidly and have very low compactness, the effects of stellar oblateness and frame-dragging are minimal, and negligible compared to uncertainties in the emission (Cadeau et al. 2007 ).
The oscillation waveforms of MSPs are often described by the amplitudes and phases of their Fourier components (see, e.g., Hartman et al. 2008) . In order to facilitate comparison of our results with observations, we Fourier analyzed our computed waveforms W (t), using the representation
Here A k and φ k are the amplitude and phase of the kth harmonic of the spin frequency ν s . With this definition of the phase of the kth harmonic, shifting the arrival time of an oscillation with a fixed profile by ∆t produces a shift ∆φ = ν s ∆t in the phases of all the harmonics. The range of unique phases is 0 to 1/k. The plane defined by the spin axis and the observer defines the zero of the global azimuthal coordinate φ. The global time coordinate t is chosen so that a light pulse propagating along a radial ray from a point on the stellar surface immediately below the observer (i.e., with φ = 0 and the same latitude as the observer) arrives at the observer at t = 0. The waveform seen by an observer will vary with changes in the size, shape, and position of the emitting region(s) on the stellar surface. We are particularly interested in the effects on the amplitude, shape, and phase of the X-ray oscillations produced by wandering of the emitting region on the surface of the star. Wandering is expected on timescales as short or shorter than the ∼ 0.1 ms dynamical time at the stellar surface up to the ∼ 10 d timescale of variations in the mass transfer rate.
Harmonic phases.-Movement of the emitting region in longitude has no effect on the amplitude and harmonic content of the observed waveform, but if the emitting region is close to the spin axis, movement by even a small distance in the longitudinal direction will produce a large shift in the phases of the harmonic components. In contrast, movement of the emitting region by a similar distance in the latitudinal direction can produce a large change in the harmonic amplitudes and significant phase shifts, depending on how close the emitting region is to the spin axis.
We illustrate the large phase changes that can be produced by modest wandering of the emitting region by showing the time and phase residuals produced by motion of a small emitting spot around the circular path shown in Figure 1 . Changes in the accretion rate or the inner disk may cause the centroid of the emitting region to move around the magnetic pole of the star on a path similar to this (see, e.g., Basko & Sunyaev 1976; Ghosh et al. 1977; Miller 1996) .
We determine the shifts ∆t p and ∆t k in the arrival times of the peak of the oscillation and the kth harmonic component produced by motion of the emitting spot by comparing the resulting waveform with the reference waveform given by equation (1). The corresponding phase residuals are ∆φ p = ν s ∆t p and ∆φ k = ν s ∆t k /k, and are positive if the peak or kth harmonic arrives later than in the reference waveform. Figure 1 shows an example of the phase residuals that can be produced by wandering of the emitting region around a magnetic pole that is close to the spin axis. In this particular example, all the phases vary by ∼ 0.35, which is comparable to the magnitudes of the rapid phase variations seen in XTE J1807−294 (Markwardt 2004) and SAX J1808.4−3658 Hartman et al. 2008) . Movement of the emitting region by a modest distance can produce phase residuals this large only if it is close to the spin axis. In fact, if the path of the emitting region approaches (or loops) the spin axis, very small motions can produce phase shifts 1. The phase shifts shown in Figure 1 The observer inclination i and the colatitude θp of the center of the circular path on which the small emitting spot moves are both measured from the spin axis Ω. The azimuth φp of the center of the circular path is zero in the stellar coordinates used. The angular radius of the path is ηs and the azimuth of the spot around the path (measured from its lowest latitude) is ξs. Right: Phase and time residuals of the peak, first harmonic (fundamental), and second harmonic (first overtone) of the observed waveform as functions of the angular position ξs of a circular spot with a radius of 0.5 • moving on a path like that shown on the left. These curves are for isotropic emission, θp = 12 • , ηs = 10 • , and i = 45 • on a 1.4 M star with radius R = 5GM/c 2 rotating at 400 Hz as seen at infinity.
plitudes of the fundamental (first harmonic) and the first overtone (second harmonic) are as small as observed (see §1) only if the emitting regions are near the spin axis. Figure 2 shows that for isotropic emission from a single stable spot, the full amplitude is 10% for all observer inclinations only if the spot is within 8
• of the spin axis. The higher harmonics are much weaker than the fundamental for any spot and observer inclinations, i.e., the waveform is highly sinusoidal. For isotropic emission from two stable antipodal spots, the full amplitude is 10% for all observer inclinations if the spot inclination is 30
• . The waveform is highly sinusoidal for spot inclinations this small unless the observer inclination is substantially greater than 45
• . For Comptonized emission from a single stable spot with a beaming pattern like those proposed by Poutanen & Gierliński (2003) , the full amplitude of the oscillation is smaller whereas the first overtone is larger relative to the fundamental than for isotropic emission. Enhancement of the first overtone by this mechanism may have been seen occasionally in SAX J1808.4−3658 (see Hartman et al. 2008) . Emission from two stable antipodal spots with a beaming pattern like these produces waveforms that are similar to those produced by isotropic emission, but the amplitudes can be up to a factor of two larger. All amplitudes are smaller for more compact stars.
Wandering of the emitting region can change the amplitude as well as the phase of the oscillation by a large amount, if the region is close to the spin axis. For example, a change in the latitude of an emitting spot by as little as 5
• can change the amplitude of the oscillation by a factor of two or three, if the spot is centered at 10
• (see Fig. 2 ). Variations in the amplitude of the oscillation produced in this way should be anticorrelated with the arrival time of the oscillation. The reason is that as the emitting region wanders away from the rotation pole, the emission pattern becomes more asymmetric, which increases the oscillation amplitude, while the surface velocity rises, which increases the doppler shift and aberration, causing the oscillation to arrive earlier.
Actual oscillation amplitudes are likely to be smaller than those shown in Figure 2 , which are for stable spots fixed on the stellar surface. The reason is that the phase variations that are produced by longitudinal wandering of the emitting region on timescales shorter than the integration time used to construct pulse waveforms will increase the background noise and reduce the inferred amplitude of the oscillation (see Lamb et al. 1985) . This effect is likely to be more important if the emitting region(s) are near the spin axis, because in this case a small displacement in the longitudinal direction produces a large phase change. If this effect is strong enough, the apparent amplitude of the oscillation at the spin frequency should be anticorrelated with the strength of the background noise produced by the phase variations.
The full amplitude of the millisecond oscillation in XTE J1807−294 is occasionally as large as 30%, although it is usually much smaller (Patruno 2008; Patruno et al., in preparation) . Figure 2 shows that an amplitude this large is possible for isotropic emission from a single spot for a range of spot and observer inclinations. A given change in the latitude of the emitting region can produce a large change in the oscillation amplitude if the observer has a high inclination.
The close agreement of the accretion-powered and nuclear-powered (X-ray burst) waveforms and frequencies in SAX J1808.4−3658 and XTE J1814−338 would be explained if both are produced by X-ray emission from the same region on the star. This would have the interesting implication that in these pulsars thermonuclear ignition occurs near the magnetic poles. If so, the phase and time residuals of the two types of oscillations should track one another. Information on the locations of the emitting regions and how they move can be obtained by comparing the induced changes in the amplitudes and phases of the harmonic components of the waveform. Undetected and intermittent pulsations.-As we will discuss in more detail in a separate paper (Lamb et al. 2008, in preparation) , emitting regions close to the spin axis provide a natural explanation for the observed sudden appearance and disappearance of accretion-powered X-ray oscillations (see §1). The reason is evident from Figure 2 : movement of the centroid of the emitting region away from the spin axis can increase the oscillation amplitude by a substantial amount. A change in the accretion flow within the magnetosphere that channels gas further from the spin axis can occur suddenly. This will cause the emitting region to move away from the spin axis, substantially increasing the amplitude of the oscillation and making a previously undetectable oscillation detectable. If the location of the emitting region subsequently reverts to its original position, the oscillation would become undetectable again. This could happen on the dynamical timescale near the inner edge of the disk. This idea can be tested by looking for correlations in the short-term fluctuations in the amplitudes and phases of the harmonic components of the waveform.
If the emitting region is very close to the spin axis and remains there, the oscillation amplitude may be so low that it is undetectable. Rapid fluctuations in the phase and amplitude of the oscillation would not be directly detectable in time-averaged observations, but would raise the background noise level and further reduce the apparent amplitude of the oscillation, as discussed above. This, in combination with other effects, such as amplitude reduction by scattering (Lamb et al. 1985; Miller 2000) , would make oscillations more difficult to detect (Lamb et al. 1985) and may explain the nondetection of accretionpowered oscillations in a dozen accreting neutron stars in which nuclear-powered oscillations have been detected.
DISCUSSION AND CONCLUSIONS
The results presented in the previous section show that a model of APMSPs in which the X-ray emitting regions are close to the spin axis can explain why their oscillations are typically weak and nearly sinusoidal. Modest changes in the location of the emitting region can then explain the rapidly varying harmonic amplitudes and phases observed in several APMSPs. We now discuss mechanisms that could cause the magnetic poles of most APMSPs to be close to their spin axes, how such mechanisms can explain why all APMSPs found so far are transients, and the consistency of the model with the observed properties of rotation-powered millisecondpulsars (RPMSPs).
Movement of magnetic poles toward the spin axis.-It has long been argued that the inward motion of neutron superfluid vortices in the interior of an accreting neutron star during its spin-up to millisecond periods (recycling) will cause the magnetic poles of recycled pulsars to be close to their spin axes (Srinivasan et al. 1990; Ruderman 1991) .
4 Some of the relevant physics is not well understood and many details remain to be explored, but a process such as this will leave the star's magnetic poles near its spin axis. The star's magnetic poles could also become aligned with its spin axis if the accretion spinup torque has a component that tends to align the field with the rotation axis. Motion of the star's magnetic poles will be facilitated by diffusion through the crust and/or fracture and fragmentation of the crust.
Whether neutron vortex motion drives the star's magnetic poles toward the same rotation pole or toward opposite rotation poles depends on the original geometry of the stellar magnetic field (Chen & Ruderman 1993; Chen et al. 1998) . If the star's north and south magnetic poles are driven toward opposite rotation poles, the dipole moment of the resulting magnetic field will be aligned with the spin axis. If instead both magnetic poles are driven toward the same rotation pole, the resulting dipole moment will be orthogonal to the spin axis and the star will be an "orthogonal rotator", even though the magnetic poles are near a rotation pole rather than on the rotation equator. In either case, accreting gas that is channeled along dipolar field lines will impact the stellar surface close to one or both rotation poles and accretionpowered X-ray emission will come primarily from regions near the spin axis.
We note that if both magnetic poles are driven toward the same rotation pole, the strength of the field at the magnetic poles may be great enough to create an accumulation point for fuel for thermonuclear bursts even for a magnetic dipole moment as weak as those inferred from X-ray observations of APMSPs (see, e.g. Psaltis & Chakrabarty 1999 ) and the spin-down rates of RPMSPs (see .
Why APMSPs are transients.-The picture of the Xray emission and magnetic field evolution of APMSPs that we have outlined here suggests a possible explanation for why all APMSPs found so far are transients. These systems have very low long-term average mass transfer rates, but binary modeling suggests that the mass transfer rates were higher in the past (see, e.g., Bildsten & Chakrabarty 2001 for a discussion in the context of SAX J1808.4−3658). If stars such as these are initially spun up to high spin rates, so that their magnetic poles are forced very close to their spin axes, they would appear similar to the accreting neutron stars in LMXBs in which accretion-powered oscillations have not been detected. When their accretion rates later decrease, and magnetic dipole and other braking torques cause them to spin down, their magnetic poles will be forced away from the rotation axis, and their accretion-powered oscillations will become detectable.
If this explanation of the transient nature of the APMSPs is correct, they should be spinning down on long timescales, as seems to be the case (see, e.g. Hartman et al. 2008) , and the amplitudes and phases the harmonic components of their waveforms should evolve in a correlated way as their magnetic poles move away from their spin axes (see §2).
Comparison with the properties of RPMSPs.-RPMSPs are thought to be the offspring of APMSPs and therefore should have magnetic field geometries similar to those of the APMSPs, except that the low rate of accretion at the end of the accretion phase and magnetic dipole braking toward the end of the accretion phase and after it ends will tend to spin them back down, forcing their magnetic poles away from their spin axes.
Although the radio emission properties of most RPMSPs provide little clear evidence about the locations of their magnetic poles (see Manchester & Han 2004) , there are indications from their radio emission that the dipole moments of a substantial number of the most rapidly spinning RPMSPs in the galactic disk are nearly aligned or nearly orthogonal to their spin axes (Chen et al. 1998 ; see also Chen & Ruderman 1993 ). As explained above, either orientation is consistent with their magnetic poles being driven close to their spin axes by neutron vortex motion during spin-up as APMSPs.
Analysis and modeling of the waveforms of the thermal X-ray emission from RPMSPs may provide better constraints on their magnetic field geometries. Recent modeling of the high (30% to 50% rms) amplitude X-ray oscillations observed in three nearby RPMSPs using Comptonized emission and two antipodal or nearly antipodal hot spots is consistent with their emitting regions being far from their spin axes (Bogdanov et al. 2007 (Bogdanov et al. , 2008 . We note that all three pulsars have relatively low (∼ 150 Hz-200 Hz) spin rates and may therefore have been spun down by a factor ∼ 3 from their maximum spin frequencies after spin-up. If so, their magnetic poles may have been forced away from their spin axes by a similar factor. This could allow consistency between the ∼ 40
• -60
• inclinations inferred by Bogdanov et al. for these three RPMSPs and the 20
• inclinations typically required in the model of APMSPs described here. We also note that only RPMSPs that produce high-amplitude X-ray oscillations are currently detectable as oscillators, so the ones that are detected may have magnetic inclinations larger than is typical. More investigation is needed.
Observational tests.-The model discussed here can be tested by comparing with observations the correlated waveform changes that it predicts, including changes with accretion rate. As one example, the model predicts that the strength of the phase noise produced by shortterm fluctuations in the position of the emitting region should be correlated with the character of the structure and flow in the inner disk and hence with the accretion rate through the inner disk and the X-ray spectral state. The longer-term (days-weeks) wandering of the oscillation arrival time should track longer-term changes in the accretion rate and spectral state.
The model also predicts that movement of the emitting region away from the spin axis will cause the oscillation to increase in amplitude and arrive earlier (see §2). This has two observable consequences. First, the amplitude of the oscillation and its arrival time (the time or phase residual) should be anticorrelated. This appears to be the case in the APMSP XTE J1807−294 (Patruno 2008; Patruno et al., in preparation) and the magnitudes of the time residuals and oscillation amplitudes are consistent with the model. A second observable consequence is that variations in the arrival time should be larger when the oscillation amplitude is smaller. The reason for this is that the oscillation amplitude is smaller when the emitting region closer to the spin axis, where wandering by a given distance produces a larger change in the arrival time. This also is consistent with recent results (Patruno 2008; Patruno et al., in preparation) . The APMSP XTE J1814−338 may show similar behavior (Patruno 2008; Patruno et al., in preparation) , but the low-amplitude, high-time-residual region of the amplitude-time-residual diagram for this pulsar is as yet too poorly sampled to draw firm conclusions.
The almost identical waveforms of the accretion-and nuclear-powered X-ray oscillations seen in a few pulsars, such as XTE J1814−338 and SAX J1808.4−3658 , allow another test of the model described here. The similarity of the accretionand nuclear-powered waveforms strongly suggests that the emitting regions that produce both oscillations are at the same location on the star and may have a similar shape, although as explained earlier, the latter is not necessary for small emitting regions. If the phase wandering of the accretion-powered oscillation is caused by wandering of the location of the accretion-powered emitting region as the accretion flow through the inner disk and magnetosphere changes, and if the location of the nuclear-powered emitting region tracks the location of the accretion-powered emitting region, then the long-term phase variations of the accretion-and nuclearpowered X-ray oscillations should track one another and should vary with the accretion rate through the inner disk and the X-ray spectral state.
Conclusions.-We conclude that many of the properties of accreting millisecond pulsars can be understood if the X-ray emitting regions of most are near their spin axes but wander somewhat. These properties include (1) the small fractional amplitudes and (2) nearly sinusoidal waveforms of the accretion-powered oscillations of most of these pulsars, (3) the large and rapid phase and frequency variations seen in several of them, and (4) the intermittent accretion-powered oscillations seen in some. It may also explain (5) the similarity of the waveforms and phases of the accretion-and nuclear-powered X-ray oscillations of a few of them and (6) why accretionpowered oscillations have not yet been detected from some accreting neutron stars that are nuclear-powered millisecond pulsars and are thought to have dynamically important magnetic fields.
The X-ray emission from near the spin axis that is required in the model described here is to be expected if the magnetic poles of most accreting millisecond pulsars are near their spin axes, because the star's magnetic field will then channel the accreting gas to the stellar surface near the spin axis. Indeed, existing models of neutron star magnetic field evolution suggest that this configuration will be common for accreting millisecond pulsars. The X-ray emitting region is expected to wander somewhat with respect to the magnetic field as the field lines along which gas accretes change with variations in the accretion rate and the structure of the inner accretion disk.
The model described here makes a number of testable predictions. For example, it predicts that the amplitude and arrival time of accretion-powered oscillations will be anticorrelated. It also predicts that the variation in the arrival time should be larger when the amplitude is smaller. Variations in the arrival time on timescales shorter than the integration time used to construct waveforms will reduce the apparent amplitudes of the X-ray oscillations, making APMSPs more difficult to detect. These predictions can be tested observationally using the large quantity of high-quality X-ray timing data in the Rossi X-ray Timing Explorer database.
Note added: After this work was completed and presented at the April 2008 Amsterdam Workshop on Accreting Millisecond Pulsars, we received a preprint from Watts et al. 2008 that was based on our work and finds further evidence for our model in the RXTE data on XTE J1814−338. In particular, these authors show that during the main part of the two-month outburst of XTE J1814−338, its burst oscillation not only has a waveform similar to that of the accretion-powered oscillation , but is also phase-locked with it, and that the peak of the burst oscillation coincides with the peak of the soft component of the accretion-powered oscillation. This indicates that, as we have suggested, the accretionand nuclear-powered emitting regions in this pulsar very nearly coincide, and that the simultaneous wandering of the arrival times of both oscillations by ∼ 1 ms (∼ 0.3 in phase) during the outburst is due to wandering of the matter (and hence the fuel) deposition pattern on the stellar surface.
